Moon's early evolution (Safronov 1972 , Kaula 1979 . The geometries and subsurface structures of large impact basins Altimetric profiles from the Clementine LIDAR are used to calculate the depths of 29 large craters and basins on the Moon. preserve a record of the mechanics of impact, the nature Plotting the depths of the best preserved structures together of basin modification, and the thermal and physical properwith values for simple and complex craters measured in pre-ties of the early Moon. Until recently, the geometries of Clementine studies reveals an inflection in the depth/diameter major basins could not be studied in detail in a collective by a lower slope than that for complex craters, demonstrating we derive a basin depth/diameter (d/D) relationship which that this morphologic transition corresponds to a further deis used to address first order implications for the processes crease in the depth of an impact structure relative to its diameter with increasing size. Qualitative consideration of possible that control basin morphology and to place constraints on causes for the second inflection leads to the conclusion that the thicknesses of the maria in major basins.
INTRODUCTION
dimensions of simple and complex craters and showed that a power law relation exists between the rim-to-floor depth Major impacts added a significant amount of energy to of a crater and its rim-to-rim diameter. The data revealed the Moon during the period of heavy bombardment in the the existence of an inflection in the logarithmic plot of depth versus diameter over a diameter range correspond-of large craters and basins from which depths can be extracted at quantifiable levels of statistical confidence.
MEASUREMENT OF CRATER AND BASIN DEPTHS
In order to obtain the most accurate relationship between crater depths and diameters, the largest possible number of data points is desired. The Clementine LIDAR sampled many lunar craters, but in order to be eligible for measurement, each candidate crater had to have at least one orbital pass over the central area of the crater in which both the rim and the floor were detected. After examining nearly 100 large craters and basins, only 29 were found to meet this criterion. For each crater, the positions of the tracks over the crater were extracted from the global data data are given in Smith et al. (1997). set and plotted to measure the depth from rim crest to crater floor. To arrive at the most accurate depth estimates, the position of each pass over the crater or basin was crater rims, which are the roughest of all lunar landforms at the length scale of the along-track shot spacing, have compared to Apollo or Earth-based images of the area to detect any outside influence on the depth such as topopreviously been noted (Zuber et al. 1994) . However, our analysis, which considers the limitations of the data dis-graphic highs or lows due to rims, floors, or ejecta of other craters. If measurement of the rim or floor elevation was cussed above, indicates that the number of orbital passes over large structures did, in fact, result in an adequate obscured by another crater, the affected portion of the profile was not used in determining the depth. number of reliable rim height measurements to make an analysis of basin depth feasible.
Croft (1981) showed that impact structures undergo a continuous morphologic transition from complex crater to The spatial resolution of the global topographic grid was limited by the spacing of orbital tracks, so we measured peak-ring basin to multiring basin and concluded that the main outer rims in basins are structurally equivalent to the the depths of craters and basins using the LIDAR profile data, which were typically characterized by higher resolu-main rims in complex craters. We therefore used the main outer rims as defined by Wilhelms (1987) to define diametion. In order to verify that the laser ranging device adequately detected crater rims, we compared Clementine ters of the basins. For each of the 29 craters and basins measured, the unobscured elevations of the rim were taken LIDAR profiles to profiles taken from the LTOs for 12 craters with diameters from 52 to 275 km that were also from the plotted orbital tracks to determine the average rim height. The mean floor elevation was calculated using measured by Pike (1974 Pike ( , 1976 . For each orbital pass over a crater, the longitude, latitude, and elevation of the filtered profiles covering the area near the center of the crater, and, following Pike (1974) , the depth was calculated by LIDAR returns were compiled, and the coordinates were used to read elevations from the LTOs that could be com-measuring the difference between the mean rim height and the floor elevation. pared to the Clementine elevations. For the smaller craters, the LIDAR tracks crossed either near the rim or just outBecause our method of measuring rim heights utilizes a combination of published diameters and photo-interpreside the crater. While these topographic profiles did not yield depths, they did give comparisons of LIDAR and tation to determine which returns in an orbit are delineating the rim, there is an error associated with the rim height LTO profiles for rough terrains. The larger craters and basins had at least one good LIDAR track which detected estimation that translates into an error in the calculated depth. This error varies between craters depending on the the rim and floor, resulting in a comparison of depth using the two data sets. Figure 1 illustrates a typical comparison number of orbital tracks used and how well the LIDAR detected the rim. The measurement of floor elevations has of Clementine points to a profile taken from the LTOs. The comparisons show that Clementine LIDAR profiles an error associated with it as well, but the error is generally less than 100 m because the flatness of the crater floors agree to within Ϯ100 m of the LTO profiles and verify that the Clementine topography, when analyzed judi-results in a large number of LIDAR returns. The floor elevation error was always less than the rim elevation error ciously, can provide measurements of the first order shapes because of the advantage gained from using the inverse of or the global grid but concluded that, given the irregular sampling of the rims on a global and crater-by-crater basis, the square root of the number of observations to reduce error. The error in the depth estimate was taken to be the previous photogeological estimates could not be demonstrably improved. root sum square of the weighted measurement error and the ȁ40-m shot-to-shot error of the LIDAR (Smith et al. 1997) . Table I lists the diameters, depths, associated errors, DEPTH/DIAMETER RELATIONSHIP and ages of the 29 craters and basins measured using Clementine LIDAR data. Diameters and relative ages were
The relationship between depth and diameter provides information on post-impact basin mechanics. When considtaken from Wilhelms (1987) . We also analyzed whether the basin diameter measurements from Wilhelms (1987) ered in the context of basin morphology, such measurements provide a quantitative basis for understanding the could be refined from the Clementine altimetric profiles processes that contribute to shallowing of depth relative to diameter with increasing basin size. In addition, by assuming that mare basins would obey the d/D relation if they did not contain mare fill, the relation can be used to estimate the thicknesses of maria in large basins using an approach which differs from previous studies that utilized partially flooded impact craters and gravity data. Accurate measurements of basin depths in combination with information on the compensation states and crustal structure of the major basins can be used in combination with globalscale geochemical (e.g., Lucey et al. 1995) and other remote sensing information to understand the spatial and temporal variation of the lunar thermal state. The values from Table I are plotted along logarithmic axes in Fig. 3 together with previous data for simple and complex craters (Pike 1976) . Among the 29 structures measured using Clementine topographic data, 26 have diame- Although the traditional definition of a lunar basin is plex crater to basin morphology is likely due to basin formation processes which begin to show surface signatures an impact structure with at least two well-defined rings (Wilhelms 1987 , Melosh 1989 , Spudis 1993 ), a second ring at diameters of approximately 100 km. These processes may be due to an increase in the effects of gravity for is distinct only in craters with diameters greater than 300 km. Craters with diameters between 100 and 300 km ex-basins of increasing diameter (Melosh 1989 ) and could perhaps be influenced by interaction of the transient cavity hibit a gradual change from complex crater to multiring basin, some possessing characteristics of both morpholo-with the lunar Moho (Williams and Greeley 1997) .
As for simple and complex craters (Pike 1974), we seek gies (Spudis 1993) . The transition from complex morphology in fact begins with floor roughening, which is believed an empirical depth/diameter relationship for basins. In deciding which depths to include in the determination, it is to represent the early stages of peak-ring formation (M. J. Cintala, pers. commun. 1996) , and becomes more promi-essential to take into account the degree of basin preservation. To arrive at his widely used empirical relationship, nent with increasing diameter (Croft 1981, Hale and Grieve 1982) . The impact structures spanning the transition from Pike (1974 Pike ( , 1976 included the freshest simple and complex craters, noting that he rejected some craters that were complex crater to basin have been referred to as protobasins by Pike (1983) and form a continuous trend in which ''highly subdued.'' Similarly, there are a number of basins that, for various reasons, have obviously been shallowed. more rings appear as the diameter increases (Croft 1981) .
Given the increase in complexity of crater morphologies Examination of images revealed that five of the basins measured contain mare fill and one has an upwarped floor at diameters of approximately 150 and 300 km (Wilhelms 1987) , we examined whether either (or both) transition(s) ( Table I ). Both mare filling and floor doming decrease the depths of craters and basins, so these six structures were would be evident in the depth/diameter curve. Figure 3 shows that the complex to protobasin transition is obvious excluded from the determination of the d/D relationship.
Also excluded were basins of pre-Nectarian age, because as an inflection in the d/D curve with some craters in the diameter range of 100-200 km being transitional. How-the early Moon may have had an enhanced thermal structure (Solomon 1986) , possibly resulting in a low enough ever, while further morphologic evolution from protobasin to multiring basin is observed in images, there is no obvious lithospheric viscosity so that these basins are the most likely to have undergone topographic relaxation over geosignature of this transition in the d/D curve. In classifying impact structures, those which are more evolved than com-logic time . Also, most of the preNectartian basins measured have been degraded by subseplex craters and which traverse the transition to multiring basin have therefore been grouped together as basins. quent impacts. In addition, because its immense dimensions set if off in a class of its own, the South Pole-Aitken It should be noted that the break in slope identified here is not an artifact of a change at large (100-km) diameter basin was not used in defining the relationship. The remaining seven basins are preserved well enough to be used from LTO-derived depths to Clementine-derived depths. Note that Fig. 3 contains some fresh complex crater depths in finding a relationship explaining the change in basin depth with increasing diameter. While the number of redetermined from Clementine data which follow the slope derived from the LTOs. In addition, the (albeit limited) maining basins constitutes a small statistical sample, we are compelled to limit the analysis to structures that are LTO-derived basin depths (Pike 1974 (Pike , 1976 follow the trend for those structures that have been identified in the adequately sampled and well preserved. Figure 4 shows profiles of the basins used to define the Clementine data. Some craters in the transition zone begin to show a departure from the d/D curve for complex craters depth/diameter relationship. Each of the seven basins has several orbital passes that were used to measure the depth. which is most likely due to the decrease in crater depth associated with concentric floor roughening (Hale and The latitudes of LIDAR data in the orbits over each basin were adjusted to appear as though the compiled data were Grieve 1982). Hausen-the largest, fresh complex crater (D ϭ 167 km) (Wilhelms 1987 )-falls in the transition measured over the center of the basin, and the orbit numbers from which the data were taken are listed. The three zone, exhibiting some floor roughening. However, the depth of Hausen falls only slightly below the d/D relation basins with the largest diameters show a statistically significant difference between their north and south rim for complex craters (Pike 1974) . If the break in slope were due to the change in data sets, it would be expected that heights. Following the precedent established by Pike (1974) , the depths for those basins were taken to be the the depth of Hausen measured from Clementine LIDAR profiles would fall on the curve for basin depths. Because average of the depths taken from both the north and south rim. The error associated with the depth takes into account depths from LTO and LIDAR data sources do not fall exclusively along data set-specific lines but instead intermix the difference in rim heights; however, we note that a basin depth/diameter relationship which uses the maximum in a region of morphologic transition, the second break in slope cannot be the result of a change in data sets. Instead, depths for those three basins would also have a slope less than that for complex craters. the inflection of the d/D curve at the transition from com- where d is the depth in kilometers and D is the diameter in kilometers of the basin. We note that the fits to two lines with and without inclusion of the transitional craters are not significantly different. Spudis and Adkins (1996) also measured selected lunar basin depths and reported a depth/diameter ratio similar to that of complex craters, but they excluded from consideration basins that fell below that trend on the basis of probable mare lava infilling. However, none of the basins on which our relationship is based contain significant mare fill at their centers. In addition, we note that basins measured in the Spudis and Atkins (1996) study that were also used to define our d/D trend for basins (Hertzprung, Korolev, Mendel-Rydberg, Mendeleev) in fact fall closer FIG. 5. Log 10 (depth) versus log 10 (diameter) for complex craters (ϩ) to our trend than to Pike's complex crater trend. The depth/diameter curve of Pike (1974) showed a distinct inflection at the transition from simple to complex craters, but the lack of data points for large craters and basins prevented definitive discussions of what effect, if The depths of the seven basins in Fig. 4 are plotted in any, the complex crater to basin transition has on the shows a second break in slope over the diameter range of transitional (see Table I ) and are denoted with a separate 100-200 km. This corresponds to diameters over which symbol. For completeness, we considered fits to the data the transition from complex crater to basin morphology is using a single line, a curve, two lines (complex and basins), observed (Stuart-Alexander and Howard 1970, Howard and two lines where the fit to the basins included three of 1974, , Wilhelms 1987 , Melosh 1989 , Spudis the transitional craters (the possible ring of peaks in Hau-1993) . By comparing the slope of the d/D curve for basins sen is not well developed). Using the F test for significance, with that for complex craters, it is possible to begin considit was found that fitting with one line gives the largest ering basin depths in the context of basin formation and errors. Fitting with a curve is statistically better than with modification mechanisms. two lines; however, the F test does not account for a priori information about the data. The existence of a morphologic Basin Morphology and Ring Formation transition in the impact structures separates the data into two populations-complex craters and basins. Because data
The basins on which we focus in this analysis have diameters greater than 200 km; however, the morphologic evolufor simple and complex craters have been fit with a power law relation to each population instead of a curve to the tion to basin may begin in craters with diameters as small as 50 km (Hale and Grieve 1982) . With increasing diamefull set of data (Pike 1974) , the data for basins are treated in a similar manner. Further support for using two lines ters in complex craters, the central peaks transition into peak-rings, resulting in a reduction in depth of these transito fit the data comes from the distribution of data about the curve fit. Despite the better statistical fit to a curve, tional craters with respect to the d/D relationship for complex craters. It has been suggested that the transition to five of the seven basins fall below the best fit. Considering the transition in morphology, the distribution of basin data peak-rings is due to the collapse of large central peaks (Hale and Grieve 1982) , gravitational instability of a large points about the curve fit, and the utility of presenting information in the same format as the data from Pike rebound (Croft 1981) , or interaction of the transient cavity with the lunar Moho (Williams and Greeley 1997) . A fur-(1974), we concluded that the data should be fit by a power law relation for the separate populations of complex craters ther increase in diameter is characterized by the appearance of additional rings consisting of structurally uplifted and basins as shown in Fig. 5 .
We found that the depth of a basin changes with increas-crust (Spudis 1993) and normal faults or scarps 
Spudis (1993) has combined several models for basin consistent with the magnitudes of these effects increasing with crater diameter. formation into a general scenario. After penetration of the initial cavity reaches its maximum depth, the basin floor undergoes rapid upward rebound due to the negative load Modification Mechanisms of the initial cavity (Melosh 1989 , Spudis 1993 . Also, durCrater modification processes need to be considered as ing this time, crustal material is fluidized due to the high possible contributors to the decrease in relative depth. energy of the impact (Melosh 1979 (Melosh , 1983 and moves up-These include rim and floor degradation due to subsequent ward above the uplifting mantle. It is in the subsequent cratering, ejecta infilling, and viscous relaxation. short-term modification stage, which may last several Degradation due to subsequent impacts can greatly reminutes or longer, that gravitational and elastic forces be-duce the topography of a crater. However, although there come important (Croft 1981) . During this time, mantle is evidence of rim and floor degradation in most lunar material uplifted during rebound reaches its maximum craters, such modification is minor in the freshest-apheight and collapses due to gravitational instability. The pearing structures (Malin and Dzurisin 1977, Settle and motions of the upper crustal material together with col- . Basins that have been visibly modified by lapse of the mantle rebound result in a basin floor which is large, subsequent impacts were excluded from our determigravitationally stable and relatively shallow (Melosh 1989) . nation of the depth/diameter relation.
Moving out from basin center, the collapse of structur-A more subdued form of modification is ejecta infilling. ally uplifted crustal material produces inner rings to the Those craters and basins that have undergone substantial interior of the terrace zone (Melosh 1989 , Spudis 1993 . infilling fall noticeably below the depth/diameter curve for These rings are closest to basin center and show symmetric well-preserved craters and basins. Although Cayley-type profiles, appearing as rounded mountains (Melosh 1989) . plains material thickness has been estimated at ȁ200 m At greater radial distances, rings are formed by dynamic (Hodges et al. 1973) , it is not possible to measure accurately collapse along inward dipping normal faults (Croft 1981) ejecta in the basins with present data. In most cases, ejecta and have asymmetric profiles (Melosh 1989) . There is some thicknesses appear to be less than the error bars associated debate over how these faults are formed, with possibilities with the basin depth measurements. including megaterrace-forming collapse due to gravity Viscous relaxation of basin topography is possibly an- (Head 1974 , Croft 1981 or stresses caused by asthen-other important long-term modification process and is exospheric flow McKinnon 1978, Melosh 1989) . pected to manifest itself in the form of shallowed depths,
The identification of pseudotachylytes (frictional melt possible domed basin floors, and associated fracturing (Solremnants) in the Sudbury impact feature has been cited omon et al. 1982 al. , Melosh 1989 . For a Moon with a spatially as evidence that basin rings which formed in terrestrial homogeneous lithospheric thermal structure, the basins impact structures represent remnants of large displacement most likely to exhibit evidence for viscous degradation of fault zones (Spray and Thompson 1995) . Formation of topography are the largest, oldest structures. Solomon et al. the pseudotacylyte zones as localizations of deformational (1982) quantitatively explored how the thermal and rheoenergy dissipation suggests a large displacement which has logical condition of the lunar lithosphere at the time of been estimated at approximately 1 km at a depth of 5 km pre-Nectarian impacts could result in greater viscous relax- (Melosh 1995) . It is also possible that the original displace-ation of those impact structures over geologic time as comments of faults comprising the outer rings of lunar basins pared to younger basins, so these basins have been exmay decrease shortly after their formation due to gravita-cluded from this analysis. tional modification, contributing to the overall flattening of the basins (Croft 1981) .
Interpretation The occurrence of a second inflection in the depth/diameter curve over the diameter range of the morphologic
The most straightforward interpretation of the second break in slope of the d/D relation is that it indicates intransition from central peak craters to peak-ring basins suggests that the mechanisms which influence the transition creased shallowing of crater depth relative to diameter due to the mechanisms associated with the morphologic from craters to basins also decrease the depth/diameter ratio with respect to that for complex craters. Possible transition from central peak craters to peak-ring basins.
Long-term modification is quite likely to have reduced the complementary processes that contribute to relative shallowing of the depression include rebound and collapse of depths of most lunar craters, and in fact we believe that the d/D relationship that we obtain underestimates fresh the transient cavity (Croft 1981) , concentric faulting that causes rings characterized by normal faults (Head 1974 , basin depths. However, we note that it would indeed be unusual if any of the crater modification mechanisms re-1977, Croft 1981, McKinnon 1978, Melosh 1989) , and interaction of the transient cavity with the lunar sulted in preferential shallowing of structures with diameters at the complex crater to basin transition and larger, Moho (Williams and Greeley 1997). Our observations are i.e., producing an inflection in the d/D relationship. We region, shown in Fig. 6a , reveals significant topographic complexity. Of particular significance is the fact that Orienconsider it more likely that the inflection in the depth/ diameter curve reported in this study is indicative of the tale lies at the boundary between mare and highlands with a variation in regional topography of approximately 6 km fundamental processes that produce characteristic impact basin morphology.
from 1000 km east of basin center to 1000 km west of basin center (Fig. 6b) . This corresponds to a regional slope of 0.17Њ over this baseline, but the topographic change is obSouth Pole-Aitken Basin scured by the basin and may not be smoothly varying. The regional topography is also affected by the MendelClementine altimetry has shown that South Pole-Aitken is the largest and deepest impact basin in the Solar System Rydberg basin to the south, the South Pole-Aitken basin to the southwest, and some of the highest and roughest (Spudis et al. 1994 , Zuber et al. 1994 ), but how this ancient basin has maintained significant depth over geologic time topography on the Moon to the west and northwest. Orientale is also in a location where the crust is relatively thin has yet to be satisfactorily explained. While this basin is not treated in detail here, it should be noted that its depth is (ȁ60 km) exterior to the eastern rim and thick (ȁ80 km) outside of the western rim (Neumann et al. 1996) . significantly greater than would be predicted by the depth/ diameter relationship for lunar basins (Fig. 5) . Because It is clear that the E-W variation in topography, the neighboring topographic highs and lows, and the variation the diameter of the South Pole-Aitken basin exceeds the radius of the Moon, factors other than gravity and target in crustal thickness must have affected the topographic expression of Orientale. Because regional factors have had properties, such as membrane stresses (R. J. Phillips, pers. commun. 1995) or impact angle (Schultz 1997), may have a demonstrable effect on the morphology of Orientale, an average of rim heights around the basin would not give a played a role in controlling the preserved depth of the basin. Further quantitative analysis of the significance of useful result unless the contributions of the outside influences could be taken into account. Therefore, the topothe depth of the South Pole-Aitken basin is warranted.
graphic complexity of the Orientale basin warrants particular caution in the interpretation of its depth.
Orientale Basin
The Orientale basin has been cited as an example of a typical multiring basin (Stuart-Alexander and Howard , Hartmann and Wood 1971 , Head 1974 , Spudis 1993 . Pre-Clementine topography of
CALCULATION OF MARE THICKNESSES
The thicknesses of maria in the lunar basins can be used to estimate the volume of mare basalt produced on the Orientale was derived from limb profiles (Watts 1963) as well as landmark elevations . Until re-Moon (Head 1974 , Solomon and Head 1980 , Antonenko and Head 1995 , Yingst and Head 1995 , Spudis cently, data existed for only the eastern half of the basin (the part observable at the lunar limb from Earth) and it and Adkins 1996, Williams and Zuber 1996) . Such estimates are relevant to discussions of magma generation was necessarily assumed that this topography was characteristic of the rest of the basin (cf. . Although and ascent to the lunar surface (Head and Wilson 1992 , Antonenko and Head 1995 , Yingst and Head 1995 , Hess there has been considerable debate about which ring represents the rim of the transient cavity (Baldwin 1972, Head and Parmentier 1995) and can lead to implications for the lunar thermal state at the time of mare volcanism (Solomon 1974 , Moore et al. 1974 , the Cordillera mountains, which are defined by a 2-to 7-km-high scarp et al. 1982 , Bratt et al. 1985a , Alley and Parmentier 1996 , Solomon and Simons 1996 . In addition, the thicknesses on the eastern side of Orientale, correspond to the main topographic rim of the basin (Croft 1981, of maria in the major basins are required for stress calculations used to estimate lunar lithospheric thicknesses (MelWilhelms 1987) . Previously calculated thicknesses of the small mare patch in Orientale range from Ͻ1 km (Head osh 1976 , Comer et al. 1979 , Solomon and Head 1980 , Pullan and Lambeck 1981 , Williams et al. 1995 . Investiga-1974 , Greeley 1976 , Scott et al. 1977 ) to 1.7 km (Solomon and Head 1980) , and using the assumed topography of the tions into the structure of the lunar crust in the regions around mare basins (Spudis et al. 1994 , Zuber et al. 1994 , basin, the Cordillera mountains were measured to rise approximately 8 km above the mare surface . Neumann et al. 1996 , Williams et al. 1995 , Kiefer and Dodge 1996 , von Frese et al. 1996 , Wieczorek and Phillips 1997 Adding the mare thickness to the height of the Cordillera mountains gives a pre-mare basin depth of 9-10. also benefit from mare thickness estimates, because the thicknesses must be known in order to subtract the effect With Clementine topographic coverage of the entire basin, including the western rim which previously lacked cov-of high-density mare material from the Bouguer gravity, i.e., the gravity signal remaining after correction for the erage, Orientale can now be studied in a uniform manner. The Clementine topography of the basin and surrounding gravitational attraction of surface topography. Mare thicknesses have previously been estimated by assuming that partially flooded craters which formed prior to mare filling follow the depth/diameter relationship of Pike (1974) and by measuring the depth to the mare in the crater (DeHon 1974 , DeHon and Waskom 1976 . It was noted by Hö rz (1978) , however, that the craters may have been more degraded than DeHon assumed, resulting in a decrease in mare thickness by as much as a factor of two. In addition, noted that the number of craters used as data points in DeHon's method is small due to the reduction in cratering flux and that the thicker mare in the basin centers totally buried shallow craters. Recently, craters which excavated through the basalt to expose crustal material have been used to   FIG. 7 . Depths from rim crest to mare surface for eight mare basins calculate independent mare thicknesses (Budney and Lu-(solid diamonds) plotted against lines defining the depth/diameter relacey 1996, Gillis et al. 1997) . While all these methods result tions for complex craters and basins. The predicted depths for the basins in thicknesses for the outer edges of the mare regions, they if they did not contain mare are plotted as solid circles. The estimated cannot be used to estimate the thicknesses at the centers mare thickness is the difference between the two values after taking subsidence due to mare loading into account.
of the maria. Thicknesses at mare basin centers were, however, estimated by calculating the amount of mare fill required to produce the gravity highs over the mascons (Comer et al. 1979, Solomon and . These studies ized by a finite flexural strength (e.g., Melosh 1978, Solomon and , the subsidence due to the high denresulted in thickness values that could be used in stress calculations, but the gravity anomaly magnitudes were lim-sity mare material is included in the calculations. Also, the mare thicknesses that would result from using the fit both ited by Apollo-era coverage and it was assumed that the entire Bouguer gravity anomaly was due to the mare load. with and without the transitional craters were calculated, but only a slight difference in mare thicknesses existed Another method was employed by to study the geometries, thicknesses, and volumes of the maria using between the two fits. Thus, the power law fit to the seven basins was used to find the final mare thicknesses. Orientale as an example of a relatively unfilled young basin. He concluded that a totally flooded Orientale basin Table II lists the diameter, predicted unfilled depth using the d/D relationship, depth to mare surface, resulting mare (or any other young basin of the same diameter, assuming Orientale's topography is representative) would have a thickness, mare thickness after adjusting for subsidence, and associated errors for the eight large mare basins conmare thickness of approximately 9 km at its center. Although arrives at a mare thickness value for a sidered. The values for elastic lithospheric thickness used in the calculations of subsidence are taken from Neumann totally flooded multiring basin, he notes that reconstructing the sub-volcanic topography of a basin is the major diffi-and Zuber (1996) and are also listed in Table II . It should be noted that our values for mare thickness represent lower culty in establishing mare thicknesses.
The Clementine topography data now make it possible limits because the depths of the basins used to define the d/D relationship may have been decreased by viscous efto use an alternative approach for measuring the mare thicknesses in the major basins. By assuming that the eight fects, infilling by ejecta, or rim degradation. The errors associated with the thicknesses represent the root sum large mare-flooded basins have undergone the same amount of degradation due to impacts as those that define squared values of measurement errors for depth to mare surface and the difference in predicted unfilled basin depth the d/D relation, the depths of the basins prior to mare filling can be predicted by fitting their diameters to the using the two depth/diameter relations for lunar basins (with and without transitional craters). A correction for d/D relationship for basins. The thicknesses of the maria at the centers of the basins can then be calculated by the uncertainty in the assumed elastic lithospheric thicknesses is also included. subtracting the depth to the mare surface from the predicted depth if no mare were present. Figure 7 shows the Table III compares the mare thicknesses calculated in this study with those estimated by Solomon and Head measured depth to the mare surface and the predicted basin depth plotted with lines defining the power law rela-(1980) using gravity analysis and by others using the partially buried crater method (DeHon 1974 (DeHon , 1977 (DeHon , 1979 , Detions for complex craters and basins. The difference between the predicted basin depth and the measured depth Hon and Waskom 1976). Values from calculations of the mare thickness necessary to result in the Apollo-era gravity to the mare surface is the estimated mare thickness.
Because the lunar lithosphere must have been character-anomaly of the mascon (Solomon and Head 1980) are generally larger than the values estimated in this study.
As implicitly assumed in crater filling studies, our method assumes that the sub-volcanic topography in the Because Solomon and Head assumed that the entire gravity signal was due to the mare load and did not allow for mascon basins is similar to that in the best preserved, unfilled basins and uses that assumption to arrive at the a component due to an upwarped plug of mantle material (Wise and Yates 1970, Bratt et al. 1985a, Neumann et al. mare thicknesses at the centers of the major basins. The thicknesses of maria presented here are less than would 1996, Williams et al. 1995) , their values are most likely overestimates of mare thickness. For Mare Humorum, the be predicted by complete flooding of the Orientale basin , but atypical influences on the topography of technique used here yields a thickness slightly greater than determined by Solomon and Head. The larger value esti-Orientale have already been discussed and support the warning by that caution should be exercised mated here could be due to the fact that analyses of Apolloera gravity sometimes underestimated the amplitude of in using Orientale as an example of a typical basin. also noted that Orientale, Nectaris, and Smythii the peak anomaly (Lemoine et al. 1997) .
Conversely, the mare thicknesses measured using par-have undergone less filling than the other mascon basins, and our results agree with that observation (see Table III ). tially buried craters are mostly less than those calculated in this study. It is likely that the difference is due to the We consider these measurements to be complementary to those of previous analyses and believe they are particudistribution of partially filled craters preventing measurement of mare thickness at the center of the basin. In two larly valuable in refining the uncertainty associated with estimates of mare thicknesses. The values for mare thickcases (Nectaris and Crisium), our method resulted in thinner mare than that of DeHon, possibly due to DeHon's ness estimated in this study have been and are currently being used to remove the attraction of the high density assumption that the flooded craters had not undergone degradation prior to mare filling (Hö rz 1978) . mare material from the lunar gravity field in order to investigate the subsurface structure and compensation states of lunar basins (Neumann and Zuber 1996 , Neumann et al. 1996 , Williams et al. 1995 . plotted together with data for simple and complex craters measured from LTOs (Pike 1976) to produce a depth/ ing of the process of basin formation and its implications for the thermal and physical properties of the early Moon. diameter plot that includes lunar basins. The plot reveals a second break in slope (i.e., in addition to the one previously noted at the simple to complex crater transition by Pike (1974) a prediction of a further decrease in the d/D ratio with increasing basin diameter (Melosh 1989) . On the basis of REFERENCES a qualitative evaluation of probable causes, we interpret the second inflection in the depth/diameter relationship as Alley, K. M., and E. M. Parmentier 1996. Thermal convection in an being due to a short-term modification mechanism that initially compositionally stratified fluid heated from below: Application to a model for the evolution of the Moon. Lunar Planet. Sci. Conf. influenced fundamental crater morphology-most likely 27th, 21-22. related to mechanisms that cause the transition from crater topography using basin shapes from Clementine data are Res. 90, 12, 433. warranted for a better understanding of that process.
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